The voltage-gated sodium channel (SCN) alpha subunits are large proteins with central roles in the generation of action potentials. They consist of approximately 2,000 amino acids encoded by 24-27 exons. Previous evolutionary studies have been unable to reconcile the proposed gene duplication schemes with the species distribution and molecular phylogeny of the genes. We have carefully annotated the complete SCN gene sequences, correcting numerous database errors, for a broad range of vertebrate species and analyzed their phylogenetic relationships. We have also compared the chromosomal positions of the SCN genes relative to adjacent gene families. Our studies show that the ancestor of the vertebrates probably had a single sodium channel gene with two characteristic AT-AC introns, the second of which is unique to vertebrate SCN genes. This ancestral gene, located close to a HOX gene cluster, was quadrupled along with HOX in the two rounds of basal vertebrate tetraploidizations to generate the ancestors of the four channels SCN1A, SCN4A, SCN5A, and SCN8A. The third tetraploidization in the teleost fish ancestor doubled this set of genes and all eight are still present in at least three of four investigated teleost fish genomes. In tetrapods, the gene family expanded by local duplications before the radiation of amniotes, generating the cluster SCN5A, SCN10A, and SCN11A on one chromosome and the cluster SCN1A, SCN2A, SCN3A, and SCN9A on a different chromosome. In eutherian mammals, a tenth gene, SCN7A, arose in a local duplication in the SCN1A gene cluster. The SCN7A gene has undergone rapid evolution and has lost the ability to cause action potentials-instead, it functions as a sodium sensor. The three genes in the SCN5A cluster were translocated from the HOX-bearing chromosome in a mammalian ancestor along with several adjacent genes. This evolutionary scenario is supported by the adjacent TGF-b receptor superfamily (comprised of five distinct families) and the cysteineserine-rich nuclear protein gene family as well as the HOX clusters. The independent expansions of the SCN repertoires in tetrapods and teleosts suggest that the functional diversification may differ between the two lineages.
Introduction
A striking feature of most neurons is their ability to initiate and propagate action potentials after depolarization of the cell surface membrane. The voltage-gated ion channels that allow influx of sodium ions are crucial components for these events . Voltage-gated sodium channels are also expressed in nonneuronal cells such as myocytes, endocrine cells, and glia and can promote their excitation. Each sodium channel consists of an alpha subunit of approximately 2,000 amino acids and a smaller auxiliary beta subunit that modifies the properties of the alpha subunit (Ruan et al. 2009 ).
The alpha subunits, called Na v 1, are encoded by a family of genes called SCN alpha The human gene family includes ten SCN alpha genes numbered 1-11. The designation SCN6A is no longer used because this gene was found to be orthologous to the mouse SCN7A gene (Goldin et al. 2000) . The sodium channel alpha subunit proteins, Na v 1, are numbered using a separate sequence which unfortunately does not correspond completely to the denomination of the genes, see table 1 for a summary of the nomenclature. The SCN7A gene product is called Na x because it is not voltage gated. We will use the SCN abbreviations throughout this article to refer to both the sodium channel alpha genes and their products.
The SCN alpha subunits consist of four domains (I-IV) connected by intracellular loops. Each domain has six transmembrane regions (TM1-TM6). Within all four domains, a pore loop between TM5 and TM6 determines the ion selectivity ( fig. 1 ). The fourth TM region contains several positively charged amino acid residues (lysines and arginines) that provide the sensitivity to changes in voltage across the membrane (see Yu et al. 2005 and references therein). The loop between domains III and IV harbors the important and conserved amino acid triplet IFM, constituting the inactivation plug that makes the channel refractory and thereby ensures that the action potential's propagation is unidirectional (West et al. 1992) .
Several studies have investigated the evolutionary relationships among vertebrate SCN alpha genes. Early on it was proposed that SCN2A and SCN4A on chromosomes Hsa2 (Hsa for Homo sapiens) and Hsa17, respectively, could have arisen through a chromosome duplication event concomitantly with the HOX gene clusters located on these two chromosomes (Lundin 1993) . Subsequently, the SCN8A gene was found to be colocalized with the HOX cluster on Hsa12 and many of the other gene families syntenic with HOX clusters on Hsa2 and Hsa17 were also represented on this chromosome (Lundin and Larhammar 1998) . This supported the idea of chromosome duplications, most likely as part of two tetraploidizations in early vertebrate evolution. The location of SCN alpha genes on Hsa3 was suggested to be due to a translocation from Hsa7, harboring the fourth HOX cluster (Plummer and Meisler 1999) . However, other authors have reported that the phylogeny of the human and rodent SCN alpha sequences is inconsistent with the HOX cluster duplications, thereby arguing against duplication in the two basal vertebrate tetraploidizations (Piontkivska and Hughes 2003) . Nevertheless, it now appears to be firmly established that two tetraploidizations (usually referred to as 2R for two rounds of genome doubling) took place in early vertebrate evolution before the origin of jawed vertebrates (Kasahara et al. 2007; Putnam et al. 2008; Ravi et al. 2009 ) and that the HOX cluster quadruplication was a result of this (Sundström et al. 2008; Ravi et al. 2009) .
It has been difficult to reconcile possible chromosome duplication scenarios with the varying topologies of the SCN phylogenetic trees that have been published (Novak et al. 2006) . Previously reported evolutionary analyses of the SCN alpha gene family have suffered from poor species representation or from the fact that only limited stretches of the protein sequences have been used for phylogenetic analyses. Plummer and Meisler (1999) used a concatenated alignment based on four protein segments in the rodent SCN alpha channels, totaling 1,150 residues and found SCN11A to be the most basal branch. A subsequent study used only 515 amino acid positions (ca. 25% of the protein sequence) and abstained from rooting the tree (Lopreato et al. 2001) . Several subsequent studies based on partial alignments also suggested SCN11A as the most basal branch (Goldin et al. 2000; Goldin 2002; Yu and Catterall 2003) . The trees by Goldin et al. (2000) are the ones displayed in the International Union of Basic and Clinical Pharmacology (IUPHAR) database (http://www.iuphar-db .org). If the SCN alpha gene family expanded concomitantly with the HOX clusters by chromosome duplication, this would imply that all duplicates of SCN11A have been lost and that SCN11A itself, which is only present in tetrapods, has been lost from all fish genomes. Analyses of the entire voltage-gated ion channel protein superfamily have instead resulted in SCN7A appearing as the most basal branch of the SCN alpha family. However, these analyses used only the "minimal pore region" comprised by TM5 and TM6 and the intervening pore loop of domain IV (Yu and Catterall 2004) because this is the only region displaying similarity in the most distantly related members in this ion channel superfamily. This corresponds to only 120 amino acids of the approximately 2,000, that is, 6%. This phylogeny would imply losses of SCN7A from fishes and of all of its expected duplicates in all vertebrates.
Seven to eight distinct SCN alpha sequences have been identified in zebrafish and three other teleost fishes (Novak et al. 2006) . Chromosomal mapping in zebrafish showed that these genes were located on four pairs of chromosome segments that seemed to be the result of the teleostspecific third tetraploidization (Jaillon et al. 2004; Kasahara et al. 2007 ) now often called 3R and that a few translocations have occurred and the HOXDb cluster has been lost in zebrafish. This led to the conclusion that the ten SCN alpha genes identified in mammals have duplicated independently from those in the fish lineage, starting from a set of four genes in their common ancestor (Novak et al. 2006) . However, the phylogenetic tree in this study was not completely congruent with such a scenario. First, some inconsistencies were present among the teleost fish sequences, for instance, we note that SCN1Aa and SCN1Ab (called SCN1Laa and SCN1Lab in that study) had duplicated before the teleost-tetrapod split (or more precisely actinopterygian-sarcopterygian) rather than in the teleost fish lineage. Second, only five of the ten mammalian genes were identified in chicken and the tree topology suggested that four of these had undergone independent duplications MBE in chicken. In addition, some differences in exon organization were noted for loop regions, thereby making alignment of these regions more difficult. Moreover, the phylogenetic analysis was based on TM domains II and III comprising only 499 residues, that is, 25% of the total sequence. As the authors pointed out, it was also unclear whether or not the lamprey SCN alpha sequences used to root the tree were a suitable outgroup. None of the previous studies have used complete SCN alpha sequences. This could be due to difficulties to correctly align the divergent sequences in the loop and end regions of the channels. Furthermore, the presence of two unusual AT-AC introns (Kohrman et al. 1996; Wu and Krainer 1999) may have caused additional problems when aligning the sequences. These introns are still incorrectly annotated for many SCN alpha genes in the genome databases.
In summary, contradictions still remain between published phylogenetic trees, the species distribution and the chromosomal locations of the vertebrate SCN alpha genes. We have therefore carefully improved the gene annotations and aligned the complete sequences for the SCN alpha proteins from several vertebrate species after detailed scrutiny of the genome databases. This involved correction of numerous erroneously predicted splice junctions, particularly for the two AT-AC introns. In addition, we have compared the syntenic relationships of the SCN genes and performed phylogenetic analyses of neighboring gene families to see if they are consistent with chromosome duplications. We conclude that our sequence-based phylogenies and analysis of conserved synteny are compatible with each other. We suggest that a single ancestral gnathostome SCN alpha gene was quadrupled in the two rounds of basal vertebrate tetraploidizations whereupon independent duplications ensued in the teleost fish and tetrapod lineages. Thus, the functional roles of these duplicates are likely to differ between the two lineages.
Materials and Methods

Database Searches
The protein family predictions in Ensembl release 54 (www.ensembl.org) were used to retrieve the sodium channel (SCN) alpha protein sequences from the genomes of the following species: human (Homo sapiens), mouse (Mus musculus), gray short-tailed opossum (Monodelphis domestica), chicken (Gallus gallus), green anole lizard (Anolis carolinensis), western clawed frog (Silurana (Xenopus) tropicalis), zebrafish (Danio rerio), medaka (Oryzias latipes), three-spined stickleback (Gasterosteus aculeatus), spotted green pufferfish (Tetraodon nigroviridis), pacific transparent sea squirt (Ciona savignyi), and fruit fly (Drosophila melanogaster). In general, the longest transcript predictions were selected for analysis, if the predicted protein sequence was not too divergent. In those cases, automatic GenScan predictions (Burge and Karlin 1997) in the Ensembl database were used instead. To identify additional sequences not included in the Ensembl protein family prediction, tblastn searches (Altschul et al. 1990 ) with standard settings were carried out in the National Center for Biotechnology Information (NCBI) sequence databases.
The human SCN alpha protein sequences were used for Blastp searches in the genome databases of Florida lancelet (Branchiostoma floridae), assembly 2.0 (http://genome.jgipsf.org/Brafl1), sea urchin (Strongylocentrotus purpuratus) (http://blast.hgsc.bcm.tmc.edu/blast.hgsc), and acorn worm (Saccoglossus kowalevskii) (http://blast.hgsc.bcm.tmc.edu/ blast.hgsc?organism520). Known fragments of sea lamprey (Petromyzon marinus) SCN alpha (Novak et al. 2006) were used as queries in tblastn searches in the genome database of this species (http://pre.ensembl.org/Petromyzon_marinus/Info/Index).
Protein sequences for SCN7A were also retrieved from the following mammalian genomes: alpaca (Vicugna pacos), armadillo (Dasypus novemcinctus), bushbaby (Otolemur garnettii), chimpanzee (Pan troglodytes), cow (Bos taurus), dog (Canis familiaris), dolphin (Tursiops truncatus), elephant (Loxodonta africana), guinea pig (Cavia porcellus), hedgehog (Erinaceus europaeus), horse (Equus caballus), hyrax (Procavia capensis), kangaroo rat (Dipodomys ordii), lesser hedgehog tenrec (Echinops telfairi), macaque (Macaca mulatta), microbat (Myotis lucifugus), rabbit (Oryctolagus cuniculus), rat (Rattus norvegicus), shrew (Sorex araneus), sloth (Choloepus hoffmanni), squirrel (Spermophilus tridecemlineatus), tarsier (Tarsius syrichta), and tree shrew (Tupaia belangeri).
A list of all the identified sequence predictions with corresponding accession numbers as well as chromosome-wise sorting of the genes within each species are provided in supplementary table S1 (Supplementary Material online).
Identification of Neighboring Gene Families
The cysteine-serine-rich nuclear protein (CSRNP) family and the large TGF-b receptor superfamily were found to have genes located in the vicinity of the sodium channel genes. They also seemed to have been translocated together with the three human SCN genes from Hsa7 to Hsa3 and were therefore included in the study to investigate the evolution of the genomic region. The protein predictions for the CSRNP family and the TGF-b receptor superfamily were collected from Ensembl release 56 and 54, respectively, for the species described above. Tblastn with standard settings in the NCBI database was used to identify any additional sequences not included in the Ensembl protein family predictions. A list of all the identified sequences and their accession numbers is given in table S1 (Supplementary Material online).
Editing of Genes and Protein Sequences
For short, incomplete, or divergent protein predictions, the corresponding genomic sequence including full intron sequence and flanking regions were retrieved from the Ensembl database. These sequences were curated manually to identify erroneous automatic exon predictions or exons that had not been predicted, by following consensus for splice donor and acceptor sites as well as sequence identities to other family members. To complement the manual Evolution of Vertebrate Voltage-Gated Sodium Channels · doi:10.1093/molbev/msq257 MBE curation, the Genscan gene prediction server (http:// genes.mit.edu/GENSCAN.html) (Burge and Karlin 1997) was used. The protein family database Pfam (http://pfam .sanger.ac.uk/search) (Finn et al. 2010 ) was used to identify protein domains in the curated sequences.
Sequence Alignments and Phylogenetic Analyses
Amino acid sequence alignments were made using Jalview 2.4 (Waterhouse et al. 2009 ) applying the ClustalW (Thompson et al. 1994 ) tool with standard settings. The alignments were manually inspected to adjust poorly aligned sequence stretches. Alignments are provided in supplementary data S1 (Supplementary Material online). Phylogenetic trees were constructed using the neighbor joining (NJ) method with standard settings (Gonnet weight matrix, gap opening penalty 10.0 and gap extension penalty 0.20) in ClustalX 2.0.12 (Larkin et al. 2007 ) with 1,000 bootstrap replicates. Bootstrap values below 50% were considered nonsupportive. Quartet-puzzling (QP) maximum likelihood trees were also constructed using Treepuzzle 5.2 (Schmidt et al. 2002) . The alpha parameters and amino acid frequencies were estimated from the data set. The model of rate heterogeneity was set to gamma distributed rates with eight gamma rate categories. Parameters were estimated using the ''exact'' and ''quartet sampling þ NJ tree'' options with between 1,000 and 25,000 puzzling steps. The amino acid substitution model was chosen using ProtTest 1.4 (Abascal et al. 2005 ) parting from each alignment. In accordance with this, the JTT amino acid substitution model was applied for all alignments with the exception of the ACVR1 neighboring gene family alignment for which Blosum62 was applied. Gap positions in the alignments were considered significant in the making of the trees, therefore complete deletion was not applied.
The characterized fruit fly sodium channel sequence, PARA was selected as an outgroup to root the chordate SCN alpha trees. Regarding the neighboring gene families, the identified fruit fly sequences were used where possible.
Results
We have used the full-length protein sequences to produce alignments and phylogenetic trees of SCN alpha subunits. Many of the genes were manually curated because the automatic predictions contained numerous errors. The edited sequences are available in supplementary data S1 (Supplementary Material online). The many local SCN gene duplications in tetrapods and the uneven evolutionary rates among the family members complicate the interpretation of the tree topologies. Even when using all sequences in the phylogenetic analyses, it is not possible to resolve the basal branches. However, the positions of the invertebrate species indicate an expansion of the SCN alpha gene family in vertebrates ( fig. 2A) .
The human genome has ten SCN alpha genes located on four different chromosomes. There is one cluster of five genes (SCN3A, SCN2A, SCN1A, SCN9A, and SCN7A) on chromosome 2, a triplet (SCN5A, SCN10A, and SCN11A) on chromosome 3, and two single genes (SCN4A and SCN8A) on chromosomes 17 and 12, respectively (see fig. 3B ). The same setup of ten genes was found in the genomes of all eutherian mammals investigated. In the teleost fish genomes, in contrast, the eight to nine genes are located on different chromosomes, with a few exceptions due to secondary translocations as detailed below. The chromosomal locations of the SCN genes in each species, along with the other gene families included in our analyses, are displayed in the second part of table S1 (Supplementary Material online).
Repertoire of SCN Alpha Genes in Vertebrates
The SCN3A, SCN2A, SCN1A, and SCN9A genes are colocalized in that order in the mammalian and chicken genomes, with SCN2A in the reversed orientation relative to the other three genes. We have also identified these four genes in the genome of the green anole lizard (data not shown) which confirms that the duplication events that expanded this cluster took place before the radiation of amniotes. Due to incomplete assembly of the western clawed frog genome, only smaller fragments of SCN alpha genes resembling these could be identified, thereby making it impossible to determine orthology and better pinpoint the timing of these duplications relative to the divergence of the amphibian lineage. In all teleost genomes analyzed, we have identified two genes with closest relationship to the amniote SCN3A, SCN2A, SCN1A, and SCN9A genes. The two teleost genes have highest identity to each other and are located on two different chromosomes indicating that they were duplicated in the teleost tetraploidization (3R), as previously reported (Novak et al. 2006) , that is, independently from the local duplications in tetrapods (see fig. 3A ). We have chosen to name the identified teleost genes using the same number as the putative human ortholog with the lowest number (i.e., SCN1Aa and SCN1Ab for the ones just described and SCN4A, SCN5A, and SCN8A for the others as described below) but stress that this should not be interpreted as an identification of one-to-one orthology.
The SCN7A gene is located in the same cluster as SCN3A, SCN2A, SCN1A, and SCN9A in eutherian mammals but appears to be missing from the gray short-tailed opossum genome as well as from the chicken and green anole lizard genomes. We were able to identify the gene in the genomes of species representing early diverging eutherian branches such as elephant and armadillo. Taken together, these findings suggest that this gene emerged after the split of metatheria and eutheria. QP and NJ phylogenetic trees of SCN7A genes in a variety of eutherian mammals are provided in supplementary figure S1( Supplementary Material online).
The syntenic gene triplet consisting of SCN5A, SCN10A, and SCN11A was identified in all mammalian genomes as well as in the chicken and green anole lizard genomes. We were able to identify only one putative orthologous gene in the western clawed frog genome. It is located on a reasonably large scaffold (ca. 4.4 Mb) displaying conserved synteny with the chicken and mammalian triplet-harboring chromosomes (supplementary fig. S2 , Supplementary Widmark et al. · doi:10.1093/molbev/msq257 MBE Material online). Teleost fishes have two genes (SCN5Aa and SCN5Ab) with closest relationship to the amniote gene triplet. However, they are located on separate chromosomes rather than in tandem ( fig. 3 ), in agreement with 3R. In three-spined stickleback, we were able to identify only one of these genes. Taken together, this suggests that the syntenic gene triplet expanded in the amniote lineage after the divergence of amphibians and that there is an independent duplication in teleosts.
SCN4A is present as a singlet gene across all gnathostome genomes that we have analyzed, with two copies in teleost genomes located on different chromosomes, in accordance with 3R ( fig. 3) . The other singlet gene, SCN8A gene, appears to be present across amniotes. However, we were not able to identify it in the opossum genome database. It is present in another marsupial genome, namely the Tammar wallaby (Macropus eugenii) (data not shown), which leads us to assume that the opossum genome database is incomplete rather than that the gene has been lost. This is supported by the fact that in the current assembly of the opossum genome, only one gene of the syntenic HOXC cluster is identified, and it is located on a scaffold not assigned to any chromosome. Furthermore, knockout mice for SCN8A have motor neuron failure that results in juvenile death (Meisler et al. 2004) , which makes it highly unlikely that the gene would have been lost from opossum. In the teleost genomes, we have identified two SCN8A orthologs located on different chromosomes ( fig. 3 ), in agreement with 3R.
We have identified additional genes that seem to encode sodium channel alpha subunits in the genomes of stickleback and spotted green pufferfish. We have called them Gac.XIX and Tni.13 in the phylogenetic trees with the numbers referring to their chromosomal locations. They appear to be quite divergent from all other SCN alpha genes, and their positions within the phylogenetic trees differ depending on the method used to construct the tree. In the QP tree ( fig. 2A ), these two genes cluster with SCN4A genes, whereas in the NJ tree they cluster with the mammalian SCN7A genes (supplementary fig. S1 , Supplementary Material online). The latter association may be due to long branch attraction (both the two fish sequences and the SCN7A sequences evolve rapidly) which is why we tend to favor a closer relationship with SCN4A. Unfortunately, the identity of these Evolution of Vertebrate Voltage-Gated Sodium Channels · doi:10.1093/molbev/msq257 MBE divergent stickleback and spotted green pufferfish genes cannot be deduced by their chromosomal locations. Their chromosomal regions display conserved synteny to each other but not to any other sodium or calcium channel gene-harboring chromosome in the zebrafish, chicken, or human genomes (data not shown).
Phylogenetic Analyses of the SCN Alpha Genes
We have constructed QP maximum likelihood and NJ phylogenetic trees using all the genes in the SCN alpha family as well as a subset of genes. This subset consists of one SCN alpha gene representing each of the four chromosomes in eutherian mammals. Figure 2A and B shows the QP phylogenetic trees. NJ phylogenetic trees are available in supplementary figure S1 (Supplementary Material online).
In figure 2A , the tetrapod SCN4A (marked in blue) and SCN8A (marked in yellow) genes form one distinct cluster each in the tree together with their teleost orthologs, both of which have been duplicated. The SCN1A cluster and the SCN5A cluster are the results of local duplications, and the tree topology supports the conclusion that these duplications are tetrapod-specific events, as all genes in each of the two clusters are equally closely related to the teleost 3R duplicates. In figure 2B , where only one gene from each chromosome is included, the orthology relationships between tetrapods and teleosts are more visible in the topology. This topology shows more clearly the expansion of the family in 2R and 3R. No SCN7A gene is present in the chicken genome, and the topology of the tree in figure 2A places chicken SCN9A as the descendant of a common ancestor of both mammalian SCN9A and SCN7A genes.
The branch lengths of the teleost 3R duplicates are similar except in the case of SCN1A where the SCN1Aa genes seem to have higher evolutionary rates. Long branches also indicate that the human and mouse SCN7A genes and the chicken SCN11A have high evolutionary rates. Chicken SCN10A is not located together with the other SCN10A genes in the tree (marked in orange), but the chromosomal location suggests that this is indeed a SCN10A gene. Two divergent genes with unclear identity mentioned above, , and SCN11A and the quartet SCN3A, SCN2A, SCN1A, and SCN9A are present in amniotes. SCN7A is the most recent local duplicate, only present in eutherian mammals. The human triplet and its neighbors are not linked to the HOXA cluster in mammals due to a translocation. An independent translocation is found in teleosts. Stars mark three genes in zebrafish positioned according to database version Zv7. Translocated genes or genes located on smaller scaffolds have been placed according to the most parsimonious organization. Note that genes have been omitted for clarity and that we have shuffled the gene order to highlight similarity.
Repertoire of SCN Alpha Genes in Invertebrates
One sodium channel gene has been characterized in the fruit fly genome and named PARA (Loughney et al. 1989; Feng et al. 1995; Warmke et al. 1997 ). An additional sodium channel-like gene has been reported, DSC1 (Salkoff et al. 1987 ), but as discussed below this is probably a calciumpermeable channel. Additionally, we have identified four genes in the genome database of the pacific transparent sea squirt (C. savignyi) and three genes were identified in the genome database of the lancelet (B. floridae). Two of the three genes in the lancelet genome are located next to each other on the same scaffold and seem to represent a lineage-specific local duplication.
Previous analyses have shown that one position in the loop between TM5 and TM6 in domain III is important in determining calcium and sodium selectivity. Calcium channels and the sodium channel-like calcium channel in fruit fly, DSC1, have a glutamic acid residue at this position while sodium channels have lysine (Zhou et al. 2004) . It has been experimentally demonstrated by mutagenesis of the rat sodium channel Na v 1.2 encoded by SCN2A that replacement of the glutamic acid with lysine makes the channel permeable to calcium (Heinemann et al. 1992) . Consistent with this, the calcium-permeable channel BSC1 in the German cockroach, Blattella germanica, which has a glutamic acid residue at this position, becomes more permeable to sodium after substitution to a lysine (Zhou et al. 2004 ). The previously suggested sodium channel in sea urchin (S. purpuratus) (Burke et al. 2006 ) and the cloned channels in squid (Loligo bleekeri) (Sato and Matsumoto 1992) and jellyfish (Polyorchis penicillatus) (Spafford et al. 1998 ) all have the glutamic acid residue and thus are probably calcium-permeable channels, albeit sodium channel-like in their overall sequences. The previously cloned Aplysia californica channel (Dyer et al. 1997 ) does indeed seem to be a sodium channel both based on its position in the tree and the presence of a lysine residue (see supplementary figure S1, Supplementary Material online).
We have identified four sea squirt SCN-like sequences (see supplementary figure S1 , Supplementary Material online). Two of these possess a lysine at the selectivity position and are thus likely to be sodium-permeable channels. The other two have glutamic acid and threonine, respectively, probably indicating calcium or other preference. However, the sequence displaying a threonine residue clusters with one of the lysine-possessing sea squirt channels in the phylogenetic tree, giving a contradictory message of its identity (supplementary fig. S1 , Supplementary Material online). In the lancelet genome, one of the three identified genes clusters with SCN-like calcium channels in the tree and has a glutamine residue, the other two have a lysine and thus seem to be sodium-permeable channels. Only the fruit fly, lancelet, and sea squirt sequences that clustered with known sodium channel genes in the phylogenetic tree were used in the phylogenetic analyses of the vertebrate SCN alpha genes. Searches in the genome of the acorn worm (S. kowalevskii) identified only fragments of putative sodium channel genes (due to an unassembled genome sequence). In one of the fragments, it was possible to identify the loop between TM5 and TM6 in domain II. This fragment showed a glutamic acid codon at the critical position, indicating that this is a sodium channel-like calcium channel. Due to its short length, it was not possible to use the fragment in a phylogenetic analysis.
Overall, the clustering of putative sodium channels in our phylogenetic analysis of invertebrate sequences agrees with the presence of lysine at the position in domain III that is important in conferring sodium preference (supplementary fig. S1 , Supplementary Material online). However, functional studies for all these channels need to be performed in order to confirm their ion preference.
Exon-Intron Organization
The exon-intron organization of the SCN alpha genes is shown in figure 4. Only four of the genes, one from each human chromosome, are displayed. Figure 4A is drawn to scale, whereas figure 4B is schematic. The loop between domains I and II is encoded by four exons, number 10-13, in all genes except SCN4A and SCN7A. Both of these have only two exons, the second of which is a typical exon 13. In all species, the first of these exons in SCN4A (called 9b in fig.  4B ) has no apparent similarity with any of exons 10-12 in the other genes. Likewise, the first SCN7A exon in this loop also appears to be unique (see alignment in supplementary data S1, Supplementary Material online). No similarity between the deviating exons in SCN4A and SCN7A is visible, suggesting that they have arisen independently. All three members of the SCN gene cluster consisting of SCN5A, SCN10A, and SCN11A in human and mouse have an extra exon (17b in fig. 4B ) between exons 17 and 18 in loops II-III. This suggests that the exon arose before the local gene duplications. No corresponding exon(s) has been identified for SCN10A and SCN11A in opossum and chicken, presumably due to rapid sequence divergence. The databases include two predicted exons for SCN5A in opossum and four exons in chicken. We have discarded two of the databasepredicted chicken SCN5A exons due to obvious splice errors and deviating sequences. The remaining two exons in chicken and the two in opossum have been included in our alignment but their functionality needs to be confirmed. It should be noted that these two exons differ greatly from the single exon in mammals.
The presence of an AT-AC intron between exons 2 and 3, marked with star (*) in figure 4A , has been previously reported in the SCN4A and SCN5A genes in human, and the SCN8A and SCN10A genes in mouse, as reviewed in Wu and Krainer (1999) . We were able to identify this AT-AC intron in all members of the SCN alpha family in the vertebrates analyzed. A second type of AT-AC intron, called AT-ACII, is characterized by splice donoracceptor consensus AT-AC although it is removed by the conventional spliceosome. Such an intron has been reported between exons 23 and 24 in the SCN4A, SCN5A, Evolution of Vertebrate Voltage-Gated Sodium Channels · doi:10.1093/molbev/msq257 MBE and SCN8A genes in human and in the SCN10A gene in mouse (Wu and Krainer 1999) . We were able to identify this intron in all of the vertebrate SCN alpha sequences presented here (marked with hash sign (#) in fig. 4A ).
Neighboring Gene Families
As described in the introduction, the SCN alpha gene family has previously been suggested to have expanded in 2R and 3R together with the HOX clusters due to their chromosomal linkage (Plummer and Meisler 1999; Novak et al. 2006 ). This genomic region has been extensively studied and the phylogenies of many gene families surrounding the HOX clusters support an expansion in the vertebrate whole genome duplication events (Larhammar and Salaneck 2004; Sundström et al. 2008) . As a complement to this, we have analyzed the TGF-b-receptor superfamily and the CSRNP family because they were found to be located adjacent to the human SCN alpha genes and contained members on three of the four SCN chromosomes. The TGF-b-receptor superfamily could be divided into six families. No less than five of these have members on the same chromosomes as the SCN alpha family in several of the genomes we have investigated. We have followed the terminology used for the human genes and called them ACVR1, ACVR2, AMHR2, TGFBR1, and TGFBR2. The chromosomal locations for the superfamily members in each species are shown in the second part of table S1 (Supplementary Material online), color coded according to the human chromosomes to highlight conservation of synteny.
TGF-b-Receptor Superfamily
Our analyses of this superfamily in multiple vertebrate species surprisingly led to the conclusion that the ancestral vertebrate, before 2R, had as many as six distinct genes, each giving rise to a family in the 2R duplications. The number of members within each of these families not only differs between them but also between species. The relative dating using outgroup sequences together with chromosomal location data clearly show expansion of each of these families in 2R (supplementary fig. S1 , Supplementary Material online).
The ACVR1 family has two members in the human genome and three genes in the spotted green pufferfish, stickleback and medaka genomes while the zebrafish genome has only two genes (supplementary fig. S1 , Supplementary Material online). The ACVRL1 gene is missing in the chicken genome but is present in the genome of green anole lizard. The topology in the ACVR1 family QP phylogenetic tree (see supplementary fig. S1 , Supplementary Material online) indicates that one of the genes in the teleost fishes, ACVRL2, is most likely one member of the original quartet (after the 2R duplications) that has been lost in the tetrapod lineage, which is also supported by the chromosomal location (see fig. 3 and supplementary fig. S3 , Supplementary Material online). However, the NJ phylogenetic tree suggests that ACVRL2 is one of the 3R duplicates of ACVR1 but the low bootstrap values (below 50%) make the NJ tree topology unreliable and furthermore it is contradicted by the chromosomal location.
The ACVR2 family has two members in the human genome (ACVR2A and ACVR2B), four genes in the zebrafish genome, three genes in the genomes of stickleback and medaka, and two genes in the genome of the spotted green pufferfish. The QP and NJ tree topologies and the chromosomal location suggest that both ACVR2A and ACVR2B MBE were duplicated in 3R (see ACVR2 tree in supplementary  fig. S1, Supplementary Material online) . The two copies of the ACVR2B gene have been retained in all teleost fishes studied, whereas only the zebrafish has retained the duplicate of the ACVR2A gene.
The AMHR2 family has two members in the human genome (AHMR2 and BMPR2). AMHR2 is missing in the chicken genome but is present in the green anole lizard genome. One gene is present in the genome of spotted green pufferfish, two genes are present in the genomes of zebrafish and stickleback, and three genes are present in the medaka genome. It was not possible to identify an orthologous gene in the sea squirt genome. Long branch lengths suggest that some of the teleost sequences have a high evolutionary rate (see AMHR2 tree in supplementary  fig. S1, Supplementary Material online) .
The TGFBR1 family has three members in the human genome, five genes in the zebrafish genome, four genes in the genomes of stickleback and green spotted pufferfish, and three genes in medaka. All teleost fishes except medaka have retained both 3R duplicates of the ACVR1B gene. Zebrafish has duplicates of the TGFBR1 gene, and none of the teleost fishes have duplicates of the ACVR1C gene. According to the QP tree, ACVR1B and ACVR1C are duplicates while the topology of the NJ tree suggests that ACVR1B and TGFBR1 are more closely related (see TGFBR1 tree in supplementary fig. S1, Supplementary Material online) .
The TGFBR2 family has only one member in the mammalian genomes studied but two members in the chicken genome. We suggest that the second of these should be called TGFBR2L (see TGFBR2 tree in supplementary fig.  S1 , Supplementary Material online). The teleost fishes have orthologs to both of the chicken genes. Zebrafish, spotted green pufferfish, and stickleback have a 3R duplicate of TGFBR2. Multiple losses seem to have occurred in the medaka genome resulting in only one gene, TGFBR2L. This gene is, however, incorrectly annotated as TGFBR2 in the genome database.
The CSRNP Family
The CSRNP family has three members in the mouse and human genomes, only one member in the opossum genome, and two members in the chicken genome. However, the CSRNP2 that is missing in the chicken genome is present in the genome of the green anole lizard. All teleost fishes have retained the 3R duplicate of CSRNP1. It is difficult to identify 3R duplicates as either CSRNP2 or CSRNP3 from the topologies of the QP phylogenetic tree, but according to the tree topology of the NJ tree and the chromosomal location, the spotted green pufferfish and stickleback have retained the 3R copy of CSRNP3 (supplementary figs. S1 and S3, Supplementary Material online).
Discussion
Previous phylogenetic analyses of the SCN gene family have been based on only minor portions of the sequences, and because the various studies have used different regions of the channels and different species, they have unsurprisingly given contradictory results (Plummer and Meisler 1999; Goldin et al. 2000; Lopreato et al. 2001; Goldin 2002; Piontkivska and Hughes 2003; Novak et al. 2006) . Comparisons of the chromosomal locations of the SCN genes have favored early duplications by chromosome doubling in the vertebrate and teleost genome-doubling events, followed by local gene duplications in tetrapods (Plummer and Meisler 1999; Novak et al. 2006) . However, these chromosomebased duplication schemes have been contradicted by the phylogenetic trees of the SCN genes presented in the same articles (Plummer and Meisler 1999; Novak et al. 2006) as well as by the phylogenies of neighboring gene families (Piontkivska and Hughes 2003) . Here, we present a comprehensive analysis of the complete SCN alpha sequences as well as some neighboring gene families in a wider set of tetrapod and teleost species, which lead to the conclusion that the sequence-based phylogenetic trees are indeed consistent with chromosome duplications.
The SCN gene duplication scheme is shown in figure 3A . There seems to have been a single SCN gene present in the ancestor of the vertebrates. This gene was quadrupled in the two basal vertebrate tetraploidizations (2R). All four copies remain in all the tetrapod and teleost genomes that we have investigated. Although complete retention of 2R quadruplicates is not unique, it is nevertheless rather unusual and suggests that each of the four SCN genes rather quickly evolved distinct functions by subfunctionalization and/or neofunctionalization that made each of them indispensable. Alternatively, or additionally, a gene dosage effect may have contributed to their retention. Furthermore, the teleost tetraploidization (3R) doubled this number to eight and all of these copies are still retained in zebrafish, medaka, and green spotted puffer-only the stickleback is missing one gene in the genome database, SCN5Ab. This high degree of gene retention after 3R is quite unusual and suggests that further sub-or neofunctionalization took place after the teleost tetraploidization. Interestingly, the branch lengths indicate that the teleost 3R duplicates have had a higher evolutionary rate than the tetrapod sequences ( fig. 2A) .
The chromosome duplication scheme is strongly supported by the adjacent gene families shown in figure 3 , namely the HOX clusters, the five TGF-b receptor families and the CSRNP family. Three of the HOX clusters in the human genome are syntenic with SCN genes, but the HOXA cluster is not. In chicken, the HOXA cluster is indeed syntenic with the SCN5A, SCN10A, and SCN11A genes ( fig. 3) , as it is in the two other bird species with sequenced genomes, the zebra finch (Taeniopygia guttata) and the turkey (Meleagris gallopavo) (data not shown), supporting ancestral linkage. In the opossum genome, like in all eutherian mammals investigated, the HOXA cluster and the SCN5A gene cluster are on different chromosomes, but it is not possible to say whether the translocation took place in the common ancestor of marsupials and eutherian mammals or whether the opossum underwent an independent translocation because the genome of this species has been Evolution of Vertebrate Voltage-Gated Sodium Channels · doi:10.1093/molbev/msq257 MBE extensively rearranged (Svartman and Vianna-Morgante 1998; Rens et al. 2003) . The two SCN5A genes in the teleost fish genomes are also separated from the two HOXA clusters, but this is a result of separate translocation events because the translocated neighboring gene families are not the same (data not shown). In the teleost genomes, four of the seven HOX clusters are syntenic with an SCN gene. Somewhat confusingly, the zebrafish chromosome Dre6 contains two SCN genes, SCN1Ab and SCN8Ab, but they are far apart on the chromosome ( fig. 3B) , and the phylogenetic tree clearly shows that these two genes diverged before the origin of the gnathostomes. Similarly, in the spotted green pufferfish the genes SCN1Ab and SCN4Ab are both located on Tni3 and SCN1Aa and SCN4Aa are both on Tni2. This is presumably due to secondary chromosomal rearrangements because these genes are not syntenic in the zebrafish (supplementary fig. S3, Supplementary Material online) .
The TGF-b receptor genes and the CSRNP genes were investigated because they seemed to have been translocated together with the three human SCN genes from Hsa7 to Hsa3. In chicken, CSRNP1 is indeed syntenic with both the SCN genes and HOXA, and the other two CSRNP genes are also syntenic with SCN genes and HOX clusters ( fig. 3B ). Synteny is also observed for the two zebrafish SCN5A genes with the two 3R duplicates of CSRNP (CSRNP1a and CSRNP1b). For the TGF-b receptor superfamily, the situation is considerably more complex. The species distribution suggests six basal branches, thus forming six separate families, before the origin of the vertebrates. Five of these families are syntenic with HOX clusters. After the chromosome quadruplication in 2R, as well as after teleost 3R, many gene duplicates seem to have been lost ( fig. 3 and supplementary fig. S3 , Supplementary Material online). Our scheme for the TGF-b receptor superfamily agrees well with a recently reported analysis that, however, did not consider chromosomal positions and did not include as many vertebrate species (Huminiecki et al. 2009) . It is interesting to note that the TGF-b superfamily has undergone extensive losses with retention of only 50% in human (ten genes of 20). The losses are differential as shown by the loss of two genes in chicken that have been retained in human, while chicken still has one of the genes that has been lost in human. Zebrafish has 16 of a theoretical number of 40 if all copies had been retained in all three tetraploidizations.
For the SCN genes, further diversification took place in the tetrapod lineage with tandem duplications of two of the four ancestral gnathostome genes: the SCN5A ancestor (or more correctly, the SCN5A/SCN10A/SCN11A ancestor) duplicated twice resulting in the gene cluster that contains SCN5A, SCN10A, and SCN11A as described above. The SCN1A ancestor was also duplicated in tetrapods forming a cluster that encompasses SCN1A, SCN2A, SCN3A, SCN9A and in eutherian mammals also SCN7A. Our dating of these duplication events relative to other evolutionary events is important because it may correlate with novel functional roles for sodium channels. In previous evolutionary studies, fewer species and fewer members of the SCN gene family were available. For example, only five clearly distinct chicken SCN genes were included in the analysis by Novak et al. (2006) , namely SCN2A, SCN4A, SCN5A, SCN8A, and SCN9A, and four of these were reported to have highly similar duplicates. Note that the genes were not assigned subtype numbers in their article, but the accession numbers have allowed us to identify them as specified above. Our analysis of the complete SCN sequences shows that four genes in the SCN1A gene cluster were already present before the amniote radiation.
The fifth gene which is the most recent duplicate, SCN7A, seems to have arisen in a eutherian ancestor because we were unable to find this gene in the genomes of opossum, platypus, lizard, and birds. Investigations in mice have suggested a role for this gene as a Na þ sensor in glial cells of the subfornical organ in the blood-brain barrier (Shimizu et al. 2007 ). Our alignment shows that the voltage-sensing TM4 regions of SCN7A have lost several characteristic basic amino acids (arginines and lysines) in all mammals, particularly in domains III and IV (see supplementary fig. S4 , Supplementary Material online). This has been noted earlier for the human sequence (George et al. 1992) as well as mouse (Noda 2006) . We show here that these changes are shared by multiple mammals. Furthermore, SCN7A has also undergone a change of the methionine residue (to an isoleucine) in the IFM motif in the intracellular loop between domains III and IV, the motif which is important for channel inactivation. Previous studies have shown that a substitution at this position slows the inactivation significantly (West et al. 1992 ). This change, too, indicates that SCN7A has a different functional role than the other members of the family. The exceptionally high evolutionary rate of SCN7A (supplementary fig. S4 , Supplementary Material online) also supports a deviating function.
Another sequence motif that has been identified to have an important role in sodium channel function is located in the loop between domains II and III and serves to anchor the channel protein to ankyrin-G and thereby to the axon initial segment and the node of Ranvier (Hill et al. 2008) . This motif was deduced to have arisen early in the chordate lineage in conjunction with the origin of myelination. The core motif consists of 12 amino acids, and 11 of these have been reported to be highly conserved, 8 even invariant, in all gnathostome sodium channels with the consensus sequence VPIAXXESDXE, see figure 2B in Hill et al. (2008) . We note, however, that some of the sequences in our alignment in supplementary data S1 (Supplementary Material online) diverge from this consensus. SCN11A, SCN5A, and SCN10A are variable in this motif as are the generally diverging sequences of SCN7A and SCN9A. The variation in this motif in SCN4A may be due to its primary expression in skeletal muscle cells rather than axons. Furthermore, SCN10A and SCN11A are primarily expressed in sensory neurons (Akopian et al. 1996; Fang et al. 2002) , which lack myelin. A few sequences diverge completely in the motif, namely chicken SCN11A and medaka SCN5Ab, as do the two unclassified fish sequences Gac.XIX and Tni.13, Widmark et al. · doi:10.1093/molbev/msq257 MBE indicating that the loop sequences may even be incorrectly predicted from these genes. Thus, this motif is only conserved in those channels that are expressed in myelinated neurons, that is, SCN1A, SCN2A, SCN3A, and SCN8A .
Our analyses show that the genes SCN7A and SCN11A that have previously been reported to be the most basally radiating members in the vertebrates (Plummer and Meisler 1999; Goldin 2002; Piontkivska and Hughes 2003; Yu and Catterall 2004) are in fact the newest members, with SCN11A present only in amniotes and SCN7A only in eutherian mammals. Our more comprehensive sequence analysis, including sequences from additional species, shows that both of these genes have high evolutionary rates and that this may have caused artifacts in the previous analyses. High evolutionary rates are also noted for the two SCN genes named Tni.13 and Gac.XIX after their chromosomal locations in genomes of the spotted green pufferfish and stickleback, respectively. The two genes display conserved synteny with each other, strongly suggesting that they are orthologs. However, their fast evolutionary rates make it difficult to trace their origin. The QP tree in figure 2A suggests that they may be duplicates of SCN4A. Some sequence features indicate that these two fish proteins may not act as typical voltage-gated sodium channels, namely the lack of several basic amino acid residues in the voltage-sensing TM4 regions and the otherwise highly conserved inactivation plug motif IFM or VFM, which reads LII and NVI in stickleback and spotted green pufferfish, respectively.
The coding region of a general vertebrate SCNA gene is comprised by 26 exons (fig. 4) . Several factors relating to the complex exon organization have probably contributed to the fact that no previous study has used the complete sequences. First, two nonconventional introns are present and the algorithms used in the genome databases for exon identification cannot recognize these splice junctions. Second, the number of exons differs between channel subtypes in loops I-II and loops II-III. In combination with more variable sequences in the loops, this has made alignment more difficult.
The two nonconventional introns (marked with stars in fig. 4 ) were originally identified more than ten years ago (Wu and Krainer 1999) but seem to have received negligible attention in the previous evolutionary studies. One of these is the AT-AC intron present between exons 2 and 3. Such introns are characterized by the unconventional splice consensus ATATCCTTT-AC instead of the prevalent GT-AG and they are spliced by the minor spliceosome. Because all vertebrate SCN genes possess this intron, it must have been inserted before the basal vertebrate tetraploidizations. To trace its origin, we have also investigated invertebrate sequences. All the identified sea squirt and lancelet sequences were found to possess the AT-AC intron. Furthermore, we found an AT-AC intron also in the sodium channel-like calcium channel genes of sea urchin and acorn worm (data not shown), pushing its origin back to early deuterostome evolution. However, both of the fruit fly sequences (DSC1 and PARA) lack an intron in this part of the sequence. A previous article reported an AT-AC intron at this position in a jellyfish channel (Spafford et al. 1999 ). An intron at this position has previously been described in four of ten calcium channel genes in human (Wu and Krainer 1999) and we have identified it in all ten (data not shown). No intron sequence is available for the SCN gene in squid because it was cloned as cDNA (Sato and Matsumoto 1992) . The first part of the SCN gene in aplysia, that was also cloned as cDNA (Dyer et al. 1997) , cannot be identified in the genome database due to incomplete sequencing or assembly of that genome. We were therefore unable to conclude if squid and aplysia carry the AT-AC intron. Nevertheless, taking into consideration all the above observations, it is most parsimonious to assume that this AT-AC intron is an ancient feature of the common ancestor of the voltage-gated sodium and calcium channel genes and that it has been lost in the fruit fly lineage.
The second nonconventional intron is present between exons 23 and 24 and also has the unusual end sequences AT-AC, but as it has been shown to be removed by the major spliceosome, it is called AT-ACII. We found this intron in all the vertebrate SCN alpha genes, including the partial sequences we could retrieve from the lamprey genome database (data not shown). Thus, it was present before the basal vertebrate tetraploidizations. However, this intron could not be found in any of the invertebrate SCN genes, not even the invertebrate deuterostomes such as sea squirts and lancelet. This strongly indicates that the AT-ACII intron was inserted in the ancestor of the vertebrate lineage.
The exons encoding two of the loop regions have clearly changed in some of the genes. Loops I-II is encoded by four exons, 10-13, the last of which is conserved across all SCN subtypes and species. Mammalian SCN4A has only one exon in place of exons 10-12. We have named this exon 9b in figure 4 because it is unclear whether it corresponds to any of the exons 10-12 or is a novel exon. Chicken SCN4A and teleost SCN4Aa have two exons in place of exons 10-12 with clear similarity between these species. Whether the difference between mammals and chicken/ teleosts is due to exon gains and/or losses is unclear. It has previously been reported that one of the zebrafish SCN4A genes has three exons in loops I-II. However, the name and chromosomal location of the gene altered between different parts of the article (Novak et al. 2006) . The other zebrafish SCN4A gene, SCN4Ab in our alignment, has only one exon in place of exons 10-12, but this exon has very limited similarity to the other SCN4A sequences, as well as to SCN4Ab predicted in the other teleosts, therefore these need to be confirmed by cloning. Also the gene SCN7A displays a single divergent exon in place of exons 10-12, but this gene is a duplicate within the SCN1A cluster, possible of the SCN9A gene, and its exon changes seem to have happened independently of those in SCN4A. The functional consequences of this difference in the loop of SCN4A are still incompletely known and can be addressed with domain shuffling between channel subtypes.
Evolution of Vertebrate Voltage-Gated Sodium Channels · doi:10.1093/molbev/msq257 MBE Loops II-III are encoded by an additional exon in SCN5A in amniotes (four extra exons predicted in the chicken genome database), and this exon is also present in SCN10A and SCN11A in human and mouse. However, this extra exon has not been identified in SCN10A and SCN11A in chicken and opossum. Its presence needs to be investigated experimentally for all three of these SCN genes in opossum and chicken. As this exon begins and ends in the same reading frame (phase 0), alternative splicing is theoretically possible.
In conclusion, the SCN family expanded from one to four copies in the basal vertebrate tetraploidizations. Subsequently, duplications occurred independently in the tetrapod and teleost fish lineages. This implies that the sodium channels may have undergone independent sub-or neofunctionalization within these two lineages. Sequence comparisons between the subtypes and between multiple species allow the identification of changes in motifs known to have important functional roles, for instance, for the axonal localization of channels. Some of the duplicates have an accelerated evolutionary rate that may signify novel roles, such as the sodium sensor function of mammalian SCN7A.
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